Abstract In human immunodeficiency virus-1 (HIV) infected individuals, substance abuse may accelerate the development and/or increase the severity of HIV associated neurocognitive disorders (HAND). It is proposed that CD14 + monocyte transmigration across the BBB. The influx of these cells into the CNS may increase viral seeding and neuroinflammation, contributing to the development of HIV associated neurocognitive impairments.
Abstract In human immunodeficiency virus-1 (HIV) infected individuals, substance abuse may accelerate the development and/or increase the severity of HIV associated neurocognitive disorders (HAND). It is proposed that CD14 + CD16
+ monocytes mediate HIV entry into the central nervous system (CNS) and that uninfected and infected CD14 + CD16 + monocyte transmigration across the blood brain barrier (BBB) contributes to the establishment and propagation of CNS HIV viral reservoirs and chronic neuroinflammation, important factors in the development of HAND. The effects of substance abuse on the frequency of CD14 + CD16 + monocytes in the peripheral circulation and on the entry of these cells into the CNS during HIV neuropathogenesis are not known. PBMC from HIV infected individuals were analyzed by flow cytometry and we demonstrate that the frequency of peripheral blood CD14 + CD16
+ monocytes in HIV infected substance abusers is increased when compared to those without active substance use. Since drug use elevates extracellular dopamine concentrations in the CNS, we examined the effects of dopamine on CD14 + CD16
+ monocyte transmigration across our in vitro model of the human BBB. The transmigration of this monocyte subpopulation is increased by dopamine and the dopamine receptor agonist, SKF 38393, implicating D1-like dopamine receptors in the increase in transmigration elicited by this neurotransmitter. Thus, elevated extracellular CNS dopamine may be a novel common mechanism by which active substance use increases uninfected and HIV infected CD14 + CD16
+ monocyte transmigration across the BBB. The influx of these cells into the CNS may increase viral seeding and neuroinflammation, contributing to the development of HIV associated neurocognitive impairments.
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Introduction
Studies suggest that in some human immunodeficiency virus-1 (HIV) infected individuals, the development of HIV associated neurocognitive disorders (HAND) is accelerated and/or its severity increased with substance abuse, in the absence or presence of prescribed combination antiretroviral therapy (cART) (Rippeth et al. 2004; Hauser et al. 2007; Buch et al. 2012; Meyer et al. 2013; Weber et al. 2013; Meade et al. 2015) . The mechanisms by which substance abuse contributes to HIV neuropathogenesis are not completely understood. HIV entry into the central nervous system (CNS) occurs early after peripheral infection (Davis et al. 1992; Valcour et al. 2012) and is thought to be mediated by infected monocyte transmigration across the blood brain barrier (BBB) (Burdo et al. 2013; Saylor et al. 2016) . Once within the CNS parenchyma, HIV infected monocytes differentiate into macrophages, establishing a significant long-lived viral reservoir (Crowe et al. 2003; Kramer-Hammerle et al. 2005) . This leads to infection and/or activation of CNS resident cells and chronic neuroinflammation, characterized by the production of virus and viral proteins, cytokines, including TNF-α, and IL-1β, and chemokines, including CCL2 (MCP-1) and CXCL12 (SDF-1) (GonzalezScarano and Martin-Garcia 2005; Peng et al. 2006; Wang et al. 2006; Hong and Banks 2015) . Chemokine production increases the transmigration of additional uninfected and infected monocytes across the BBB (Gras and Kaul 2010; Spudich and Gonzalez-Scarano 2012) . T cells have also been detected within the CNS during HIV/simian immunodeficiency virus (SIV) infection (Marcondes et al. 2001; Sadagopal et al. 2008; Schrier et al. 2015) , especially in HIV infected substance abusers before the use of cART (Bell et al. 1993; Tomlinson et al. 1999; Anthony et al. 2003) . Whether they play a large role in the cART era is not clear. Although neurons cannot be infected by HIV, chronic viral replication and production of inflammatory and toxic host and viral factors in the CNS can result in neuronal dendritic pruning and cell death (GonzalezScarano and Martin-Garcia 2005) . Even complete viral suppression in the periphery with cART does not eliminate the production of HIV Tat and inflammatory mediators in the CNS (Li et al. 2009) . Thus, low level chronic neuroinflammation and neuronal damage induced by HIV infection of the CNS, that occurs despite cART, leads to the development of cognitive, behavioral and motor deficits in 40 to 70% of infected individuals (Heaton et al. 2010; Chan et al. 2016) .
Peripheral blood monocytes are classified by their surface expression of the LPS receptor, CD14, and the FcγRIII receptor, CD16. Approximately 90% of monocytes in healthy individuals are CD14 positive and CD16 negative (CD14 + CD16 − classical monocytes). The remaining monocytes are CD14 and CD16 positive and represent a mature monocyte subpopulation with phenotypic and functional characteristics more similar to macrophages than to circulating monocytes (Ziegler-Heitbrock et al. 1993) . The CD16 + monocyte population is expanded in the periphery with HIVand SIV infection (Nockher et al. 1994; Thieblemont et al. 1995; Pulliam et al. 1997; Otani et al. 1998) . HIV/SIV RNA or DNA sequences are detected in peripheral blood CD16 + monocytes from infected individuals and macaques, in the absence or presence of cART (Shiramizu et al. 2005; Williams et al. 2005; Ellery et al. 2007; Jaworowski et al. 2007 ) and the levels of HIV DNA in circulating CD16
+ monocytes is associated with HAND (Valcour et al. 2010; Kusao et al. 2012) . During HIV/SIV infection of the CNS, perivascular accumulation of uninfected and infected CD16 + monocytes/macrophages correlates with neuropathology (Fischer-Smith et al. 2001; Williams et al. 2001; Fischer-Smith et al. 2004; Clay et al. 2007 ). These studies suggest that peripheral blood CD16 + monocytes are infected by HIV and transport virus into the CNS. Upon their differentiation into macrophages, these HIV infected cells would constitute a viral reservoir within the CNS and contribute to low level viral protein production and viral replication in the brain. In addition, CNS macrophages derived from both infected and uninfected CD16 + monocytes would contribute to chronic neuroinflammation. Thus, the influx of both uninfected and infected CD16 + monocytes into the CNS during the neuropathogenesis of HIV is thought to be a major contributor to the development of HIV associated cognitive impairments (Valcour et al. 2010; Williams et al. 2012; Williams et al. 2014b Use of intravenous and other substances of abuse result in risky behaviors that are major contributors to infection with HIV (El-Bassel et al. 2014; Spiller et al. 2015) . Substance abuse is also associated with poor adherence to prescribed cART (Arnsten et al. 2002; Hinkin et al. 2007 ) and with increased HIV neuropathogenesis (Rippeth et al. 2004; Hauser et al. 2007; Buch et al. 2012; Meyer et al. 2013; Weber et al. 2013; Meade et al. 2015) . Drugs of abuse, including cocaine and methamphetamine, increase extracellular concentrations of dopamine in the CNS (Volkow et al. 2009) . In this study, we demonstrate that the frequency of peripheral blood CD14 + CD16 + and CD14 low CD16 + monocytes, relative to the total monocyte population, is increased in HIV infected substance abusers when compared to those without active substance use. We previously showed that dopamine increases CD14 + CD16 + monocyte movement and adhesion (Coley et al. 2015) , suggesting that upon transmigration across the BBB, these cells may accumulate within dopaminergic regions of the CNS of HIV infected substance abusers. However, it is not known whether elevated levels of extracellular CNS dopamine increase the entry of peripheral blood CD16 + monocytes or other leukocytes into the brain. To address this, we performed studies using our in vitro model of the human BBB. Our results indicate that dopamine increases CD14 + CD16
+ monocyte, but not CD14 low CD16 + monocyte or T cell, transmigration once these monocytes have penetrated the BBB in response to low level baseline or constitutive chemokine expression by a mechanism involving D1-like dopamine receptor activation. In addition, dopamine increases the formation of membrane protrusions, indicative of cellular motility, and active a disintegrin and metalloproteinase 17 (ADAM17) expression in CD14 + CD16
+ monocytes, which may contribute to the dopamine-induced transmigration of these cells across the BBB. Thus, active substance use may amplify CNS viral reservoirs and neuroinflammation in HIV infected individuals by a mechanism involving increased extracellular CNS dopamine, contributing to accelerated and/or augmented HIV neuropathogenesis due to increased uninfected and infected CD14 +
CD16
+ monocyte influx into the CNS.
Materials and Methods

Study Subjects
Blood was obtained from HIV infected individuals from two independent cohorts: the Manhattan HIV Brain Bank (MHBB; U01MH083501, U24MH100931), a member of the National NeuroAIDS Tissue Consortium and a research resource at the Icahn School of Medicine at Mount Sinai, New York, NY , and the Women's Interagency H IV Study (WIHS; U01A1035004, U01A142590), Bronx, NY, a multicenter, prospective cohort study of HIV infected and at-risk HIV uninfected women in the United States (Barkan et al. 1998) . Individuals gave written, informed consent for the provision of blood for the purposes of HIV research. Protocols for the acquisition of these samples were approved by the Mount Sinai Program for the Protection of Human Subjects Institutional Review Board and the Institutional Review Board at the Montefiore Medical Center, Albert Einstein College of Medicine. All 48 of the participants from the MHBB cohort were prescribed cART.
In the WIHS cohort, most of the women were prescribed cART (n = 6) but some were cART naïve (n = 3). Urine toxicology was used to identify active drug use at each blood draw, testing specifically for amphetamines, barbiturates, benzodiazepines, cannabinoids, cocaine, opiates, phencyclidine (PCP), methadone and propoxyphene (illicit and prescribed). In many individuals, there was concurrent use of more than one drug. Alcohol use and smoking status were not determined. 6 cells/ml in RPMI 1640 + 10% FBS media with 10 ng/ml M-CSF (Peprotech, Rocky Hill, NJ) as previously described (Buckner et al. 2011; Williams et al. 2013; Coley et al. 2015) . After 3 days, cultures were highly enriched for CD14 + CD16 + monocytes and are termed Bmature monocytes^in this study.
Flow Cytometry
The purity of CD14 + monocytes and CD3 + T cells isolated from PBMCs after antibody and magnetic bead selection was determined by flow cytometry using antibodies for CD14 (clone M5E2), CD3 (clone HIT3a), CD19 (clone HIB19), CD56 (clone B159) and appropriate isotype matched negative control antibodies (BD Biosciences, San Jose, CA). Antibodies were titered to determine their optimal concentrations. Antibodies were added to cells (1-3 × 10 5 in 100 μl) and after 30 min on ice, cells were washed and fixed with 2% paraformaldehyde. For analyses of immunopositive cells, 10,000-40,000 events were acquired using a BD Canto II flow cytometer (BD Biosciences) and analyzed using FlowJo software (TreeStar v.9.5.3, Ashland, OR) . Positive reactivity with antibodies for CD14, CD3, CD19 and CD56 was indicated by fluorescence intensity that was above that obtained with the appropriate isotype-matched negative control antibodies. Monocyte and T cell purity was >90% and both cell types contained <2% CD19 + B cells and <1% CD56
+ NK cells, with monocytes containing <3% CD3 + T cells and T cells containing <3% CD14 + monocytes + with high or low levels of CD14 were then quantified as described previously (Williams et al. 2015) .
For dopamine receptor staining, mature monocytes and purified, unactivated T cells (1 × 10 6 per tube) were stained with antibodies to dopamine D1 receptor (D1R) (324390), dopamine D3 receptor (D3R) (324402), dopamine D5 receptor (D5R) (324408) (1:5 dilution) (Calbiochem/EMD Millipore, Billerica, MA), dopamine D2 receptor (D2R) (B-10 and H-50) (1:10 dilution), dopamine D4 receptor (D4R) (N-20) (1:10 dilution) (Santa Cruz Biotechnology, Santa Cruz, CA) or negative control rabbit serum, rabbit IgG, mouse IgG2a (SigmaAldrich, St. Louis, MO) or goat IgG (Santa Cruz Biotechnology) in 50 ul on ice for 30 min. These dopamine receptor antibodies are specific for extracellular portions of each receptor. After two washes, cells were incubated with secondary PE-conjugated anti-rabbit, mouse or goat IgG (1:5 or 1:10 dilution) (Sigma-Aldrich) on ice for 30 min, then washed and fixed in 2% paraformaldehyde. Staining with negative control serum or IgG, rather than the use of unstained cells or cells stained only with secondary antibody, enables the quantification of staining that is specific for each dopamine receptor and is greater than the non-specific staining obtained with negative control antibodies or serum. Reactivity with the appropriate negative control antibody or serum, as determined by flow cytometry, was subtracted from dopamine receptor staining to determine the mean fluorescence intensity (MFI) for each receptor.
Human BBB Model
Human brain microvascular endothelial cells (BMVEC) (Applied Cell Biology Research Institute, Kirkland WA) and human astrocytes isolated from cortical tissue as part of an ongoing approved research protocol at the Albert Einstein College of Medicine, Montefiore Medical Center were cocultured on opposite sides of a gelatin coated tissue culture insert with 3 μm pores (BD Falcon, Franklin Lakes, NJ) as previously described Buckner et al. 2011; Williams et al. 2013; Williams et al. 2014a; Williams et al. 2015) . Briefly, astrocytes were first seeded on the underside of inserts followed by the addition of BMVEC to the upper side. Cocultured BMVEC and astrocytes were incubated for 3 days in 24 well plates at 37°C, 5% CO 2 in M199 media with 5% human serum, 20% newborn calf serum and endothelial cell growth factors to obtain confluent endothelial cell monolayers. After 3 days in culture, astrocytic processes penetrate through the insert pores and contact the BMVEC to induce BBB properties, including impermeability. Cocultures were incubated in low serum media (M199 + 10% newborn calf serum + endothelial cell growth factors) for 24 h before transmigration assays were performed to minimize chemokine production by BMVEC and astrocytes.
BBB Transmigration
Transmigration experiments were performed using PBMC (4 × 10 5 per coculture) from HIV seronegative individuals or HIV seropositive individuals from the WIHS cohort, and also mature monocytes (2 × 10 5 per coculture) from HIV seronegative individuals. For each independent donor, cells in low serum media were added to the top of four replicate cocultures per treatment group. Low serum media with dH 2 O (dopamine and SKF 38393 diluent) or 0.1% BSA in PBS (CXCL12 diluent), was added to the bottom well of cocultures to assay baseline transmigration. Dopamine (Sigma-Aldrich) and/or CXCL12 (R&D Systems, Minneapolis, MN), as well as SKF 38393 alone (Tocris/R&D Systems), were diluted in low serum media and added to the bottom well of cocultures to assay for CD16 + monocyte or T cell transmigration in response to these factors. Transmigrated cells were harvested from the bottom well of cocultures after 24 h and stained for CD14, CD16, and CD3 to quantify by flow cytometry the mean number of transmigrated CD16 + monocytes and T cells from the four replicate cocultures for each treatment group. Evans blue dye coupled albumin was used to assay for the impermeability of BBB cocultures before and after monocyte and T cell transmigration as described previously . To determine the effects of dopamine on chemokine production by cocultured BMVEC and astrocytes, and by transmigrated monocytes, media was collected from the bottom well of cocultures after mature monocytes transmigrated in response to 10 μM dopamine for 24 h. After centrifugation to remove transmigrated monocytes, culture supernatants were then assayed for CCL2 and CXCL12 proteins using human Quantikine ELISA kits (R&D Systems) according to the manufacturer's instructions.
Immunofluorescence for Membrane Protrusions
Mature monocytes and purified, unactivated T cells from HIV seronegative individuals were treated with dopamine, dH 2 O (dopamine diluent), CXCL12, or 0.1% BSA in PBS (CXCL12 diluent) for 15, 30 or 45 min. Cells were then fixed with 2% paraformaldehyde in PBS for 1 h, permeabilized with 0.01% Triton X-100, and incubated in blocking solution containing 0.5 M EDTA, 1% fish gelatin, 1% immunoglobulinfree BSA, 1% horse serum, and 1% human serum for 30 min.
After blocking, cells were stained with anti-tubulin antibody (1:10.000 dilution, T9026, Sigma-Aldrich) for 1 h at room temperature. The cells were washed and secondary antibody, anti-mouse IgG F(ab') 2 -FITC (1:100, F2883, Sigma-Aldrich), mixed with Texas Red®-X phalloidin to stain actin (15 μl/ml, T7471, Life Technologies-Molecular Probes, Eugene, OR) was added, followed by a 2 h incubation at room temperature. After washing, cells were mounted in Prolong Gold antifade reagent with DAPI (P36931, ThermoFisher) and examined by confocal microscopy using a Leica SP2 confocal microscope (Wetzlar, Germany). Multiple fields per treatment group, containing a total of 50 to 100 cells, were examined and the percentage of cells with membrane protrusions in each treatment group was quantified. These data were reported as fold change compared to untreated (dH 2 O or 0.1% BSA in PBS), which was set to one for each independent donor.
Active ADAM17 Western Blot Analysis
Mature monocytes and purified, unactivated T cells (3 × 10 6 in 1 ml) from three independent HIV seronegative individuals were treated with media plus dH 2 O, 10 μM dopamine or 100 ng/ml PMA for times ranging from 5 to 240 min. Protein lysates were prepared with Triton X-100 lysis buffer (Cell Signaling, Beverly, MA) and analyzed by Western blot under reducing conditions using an antibody specific for the activation site of ADAM17 (ab39163, Abcam, Cambridge, MA). Blots were then stripped and probed with an antibody for the housekeeping protein, β-actin (#4967, Cell Signaling).
Statistical Analyses
Statistical analyses were performed using Prism 6.02 software (GraphPad Software, Inc., San Diego, CA). For transmigration and membrane protrusion formation experiments where the results were expressed as fold change compared to baseline, which was set to one, two-tailed non-parametric Wilcoxon signed-rank test comparing medians for each treatment group to a hypothetical value of one was performed to determine statistical significance (p < 0.05). For all other experiments, two-tailed, unpaired, non-parametric MannWhitney test was performed to determine statistical significance (p < 0.05).
Results
The Frequency of Peripheral Blood CD16 + Monocytes Is Increased in HIV Infected Active Substance Users
We determined whether the frequency of peripheral blood CD16 + monocytes, relative to the total monocyte population, is increased in HIV infected substance abusers when compared to those without active substance use. Phenotypic analysis of peripheral blood monocytes in PBMC from HIV seronegative individuals and from HIV infected individuals from the MHBB cohort was performed by flow cytometry. The demographic and clinical characteristics of the individuals from this cohort are shown in Table 1 . In uninfected individuals (n = 12), 13 ± 4% of peripheral blood monocytes were CD14 + CD16 + and CD14 low CD16 + (Fig. 1a) . In HIV infected individuals without active substance use (n = 22), as confirmed by urine toxicology, the percentage of CD14 + CD16 + and CD14 low CD16 + monocytes increased to 27 ± 13% (p < 0.0001). The percentage of CD14 + CD16 + and CD14 low CD16
+ monocytes increased to 43 ± 20% in HIV infected individuals who were positive for active substance use by urine toxicology that specifically detected amphetamines, barbiturates, benzodiazepines, cannabinoids, cocaine, opiates, phencyclidine (PCP), methadone and propoxyphene (n = 26, p < 0.0001). The percentages of individuals in this group that were positive for active use of one drug only were: 39.3% cannabis, 7.1% opiates, 7.1% methadone, 3.6% cocaine, and 3.6% amphetamine. The remaining 39.6% of the active substance users were positive for poly drug use. Thus, the frequency of CD14 + CD16 + and CD14 low CD16 + monocytes is increased further in the peripheral circulation of HIV infected individuals who are current substance users as compared to those without active drug use (p < 0.001). These data suggest that the HIV-induced increase in the frequency of the mature CD16 + monocyte subpopulation that is vulnerable to HIV infection (Shiramizu et al. 2005; Williams et al. 2005; Ellery et al. 2007; Jaworowski et al. 2007; Buckner et al. 2011 ) and transmigrates across the BBB in response to chemokines (Buckner et al. 2011; Williams et al. 2013; Williams et al. 2014b; Williams et al. 2015) , is augmented when the infected individuals are actively using psychoactive substances. We next examined CD16 + monocyte and CD3 + T cell transmigration across the BBB in response to dopamine. To characterize dopamine mediated transmigration, PBMC from HIV infected women from the WIHS cohort were added to the top of our in vitro model of the human BBB Buckner et al. 2011; Williams et al. 2013; Williams et al. 2014a; Williams et al. 2015) , composed of cocultured human BMVEC and astrocytes. Only PBMC from individuals in the WIHS cohort were used because we did not have sufficient numbers of PBMC from individuals in the MHBB cohort to perform these specific experiments. Two of the nine women from the WIHS cohort from which PBMC were obtained tested positive for active drug use, specifically cannabinoids, at the time of blood draw. Media with or without 10 μM dopamine was added to the bottom of cocultures and after 24 h, transmigrated cells were harvested from the bottom and stained with antibodies for CD14, CD16, and CD3. The number of transmigrated CD16 + monocytes and CD3 + T cells was quantified by flow cytometry. Baseline transmigration of these cells across the BBB in response to media plus dH 2 O (dopamine diluent) was different in each experiment due to the inherent variability of primary cells. To normalize for these differences, transmigration in response to dopamine in each experiment was expressed as fold change compared to baseline that was set to one for each independent donor. The data from experiments using cells from the indicated number of independent donors were then compiled and presented as mean fold change in transmigration in response to dopamine as compared to cocultures to which there was no dopamine added (baseline) that was set to one as indicated by the dotted line (Fig. 1b) . Dopamine (DA) significantly increased CD14 + CD16
+ monocyte transmigration (n = 9, p < 0.05). To our knowledge, this is the first demonstration that dopamine increases CD14 + CD16
+ monocyte transmigration across an in vitro model of the human BBB. In contrast, CD14 low CD16 + monocyte (data not shown) and CD3 + T cell (Fig. 1b, n=9 ) transmigration was not increased by dopamine. In previous studies using PBMC from HIV seronegative and positive individuals, we reported that CD14 + monocytes from HIV infected individuals after their addition to the top of Fig. 1 The frequency of CD16 + monocytes in the peripheral blood of HIV infected individuals is increased with active substance use and dopamine increases the transmigration of CD14 + CD16 + monocytes across the BBB. a PBMC from HIV seronegative donors (n = 12) and from HIV seropositive donors from the MHBB cohort (n = 48) were stained with fluorochrome-coupled CD14, CD16 or isotype matched negative control antibodies and analyzed by flow cytometry. The total number of CD14 + monocytes was determined and the percentage of these monocytes that were CD14 + CD16
+ and CD14 low CD16 + was calculated. HIV infected donors were divided into non-active drug users (n = 22) and active drug users (n = 26). Data points for each donor are shown with mean ± SD. Significance was determined using two-tailed unpaired Mann-Whitney test. **p < 0.001; ***p < 0.0001. b PBMC from HIV seropositive donors from the WIHS cohort were added to BBB cocultures and CD14 + CD16
+ monocyte and CD3 + T cell transmigration in response to 10 μM dopamine (DA) was expressed as fold increase over baseline (media plus dH 2 O), which was set to one (dotted line) for each independent donor. Data are expressed as mean ± SEM. Significance was determined by two-tailed Wilcoxon signed-rank test comparing medians for each treatment group to a hypothetical value of one. *p < 0.05 (DA 10 μM compared to baseline); n = 9 each cocultures. Baseline transmigration is mediated by low level constitutive chemokine production by BBB endothelial cells and astrocytes, both components of our BBB model (Weiss et al. 1998; Weiss et al. 1999 ) and brain microvessels in vivo (Williams et al. 2014c) . Since the BMVEC and astrocytes used for all the cocultures in this study were derived from the same primary cells, dopamine-mediated effects on the cells of the BBB should be similar in all the experiments performed. Therefore, increased transmigration in response to dopamine is not due to effects on cells of different primary origins forming the barrier. Rather, the increase in transmigration is likely to result, at least in part, from specific effects of dopamine on CD14 + CD16
+ monocytes that do not occur with T cells. Studies report that during peripheral blood monocyte transmigration across vascular endothelium, monocytes elongate as they pass through the junctions between endothelial cells (Hyun et al. 2012; Tsubota et al. 2013 ). This suggests that as CD14 +
CD16
+ monocytes traverse BBB endothelium in response to low level constitutive chemokine expression, the leading edge of transmigrating cells can interact with dopamine on the CNS side of the barrier before the cell has completed the process of transmigration. As a consequence, dopamine-mediated effects on transmigrating CD14 + CD16 + monocytes may contribute to an increase in the passage of these cells through the BBB.
To determine the mechanisms by which dopamine mediates increased CD14 + CD16
+ monocyte transmigration across the BBB, we examined biochemical changes involved in cellular migration that are induced by dopamine in CD14 + CD16 + monocytes. These experiments were not feasible using blood from HIV infected individuals from the MHBB or WIHS cohorts. The number of CD14 + CD16 + monocytes in PBMC from the restricted volume of blood samples we were able to obtain from individuals in the two cohorts was not sufficient for these experiments. Therefore, we obtained HIV seronegative leukopaks from which we could isolate large numbers of PBMC. We purified CD14 + monocytes from these PBMC's and cultured them non-adherently, as described previously (Buckner et al. 2011; Williams et al. 2013; Coley et al. 2015) , to produce mature monocyte cultures with increased numbers of CD14 + CD16 + monocytes. We developed this method of culturing peripheral blood monocytes to obtain sufficient numbers of mature CD14 + CD16
+ monocytes for studies of the ability of these cells to transmigrate across the BBB in response to CCL2, and of their increased movement and adhesion in response to dopamine. While the percentage of peripheral blood monocytes that are CD14 + CD16 + in healthy individuals is less than 10% (Ziegler-Heitbrock et al. 1993) , the average percentage of CD14 + CD16
+ monocytes in the mature monocyte cultures used in this study was 64% ± 15% (n = 26). Thus, we were able to examine the effects of dopamine on monocytes in cultures that were composed of predominately CD14 + CD16 + monocytes.
We first determined whether CD14 + CD16 + monocytes obtained from our mature monocyte cultures transmigrated across the BBB in response to dopamine, as occurred with CD14 + CD16
+ monocytes in the PBMC from HIV infected individuals. T cell transmigration in response to dopamine was also examined using PBMC isolated from HIV seronegative leukopaks. CXCL12 was included in these studies because this chemokine is both a T cell and monocyte chemoattractant (Bleul et al. 1996 ) that is expressed constitutively at low levels in the CNS (Stumm et al. 2002) , with increased expression during the neuropathogenesis of HIV (Langford et al. 2002; Rostasy et al. 2003) . In addition, we have previously shown that CD14 + CD16
+ monocytes transmigrate across BBB cocultures in response to CXCL12 (Williams et al. 2014b ). Thus, CXCL12 may be involved in the recruitment of T cells and/or CD14 + CD16
+ monocytes into the HIV infected CNS. Additionally, since CXCL12 is expressed by endothelial cells and astrocytes (Salvucci et al. 2002; Calderon et al. 2006) , baseline transmigration in our BBB cocultures may be mediated, at least in part, by this chemokine. Therefore, we determined whether there were interactive effects of CXCL12 and dopamine on the transmigration of CD14 + monocytes) set to one as indicated by the dotted line (Fig. 2a) . Dopamine (DA), at 10 and 20 μM, significantly increased CD14 +
+ monocyte transmigration (n = 15 for DA 10 μM and n = 13 for DA 20 μM, p < 0.001). CXCL12 at 25 ng/ml also increased CD14 + CD16 + monocyte transmigration (n = 14, p < 0.001). There was no additive effect with CXCL12 and dopamine as transmigration in response to the addition of both of these molecules to the bottom of cocultures was not greater than the transmigration elicited by dopamine alone. Similar results were seen with CXCL12 at 50 ng/ml (data not shown). Mature monocyte cultures contained very low levels of CD14 low CD16 + monocytes ) and dopamine did not increase the transmigration of these cells across the BBB (data not shown).
Increased transmigration of CD14 + CD16 + monocytes in response to dopamine was not due to disruption of BBB impermeability as determined by assaying cocultures after transmigration for the passage of albumin coupled Evans blue dye from the top to the bottom of cocultures (data not shown). Transmigration experiments in response to dopamine in the presence of ascorbic acid were also performed as ascorbic acid has been shown to inhibit reactive oxygen species produced by auto-oxidation of dopamine (Pedrosa and Soares-da-Silva 2002) . These experiments were designed to determine whether CD14 + CD16
+ monocyte transmigration was increased specifically by dopamine or was a response to a byproduct produced by the oxidative breakdown of dopamine. Similar results were obtained with dopamine alone or with dopamine plus ascorbic acid (data not shown), indicating that increased transmigration is mediated specifically by dopamine.
PBMC were added to the top of cocultures and T cell transmigration in response to dopamine or CXCL12 was quantified. Unlike CD14 +
+ monocytes, T cell transmigration was not increased by dopamine at 10 or 20 μM (Fig. 2b) . In contrast, CXCL12, at both 25 and 50 ng/ml, significantly increased T cell transmigration (p < 0.05) (n = 6 each for CXCL12 25 ng/ml and 50 ng/ml), indicating that the T cells were capable of chemokine-induced transmigration across the BBB. The fact that dopamine does not increase T cell transmigration indicates that dopamine does not significantly disrupt the integrity of our BBB cocultures, resulting in indiscriminant leukocyte transmigration.
Dopamine Does Not Increase CCL2 or CXCL12 in BBB Cocultures
To identify mechanisms by which dopamine increases CD14 + CD16
+ monocyte transmigration across the BBB, we examined whether the addition of dopamine to the bottom of cocultures increased the expression of chemokines by cocultured BMVEC and/or astrocytes, which both express dopamine receptors (Bal et al. 1994; Zanassi et al. 1999; Sarkar et al. 2004) , and/or by mature monocytes that transmigrated to the bottom of cocultures. For these studies, media plus dH 2 O (untreated) or media containing 10 μM dopamine was added to the bottom of BBB cocultures and mature monocytes were added to the top. After 24 h, media was collected from the bottom of cocultures, transmigrated monocytes were removed by centrifugation, and the media was analyzed by ELISA for the chemokines CCL2 and CXCL12 that have been demonstrated to increase CD14 + CD16 + monocyte transmigration across the BBB (Buckner et al. 2011; Williams et al. 2013; Williams et al. 2014a; Williams et al. 2014b; Williams et al. 2015) . CCL2 was detected in untreated cocultures (29.64 ± 4.13 ng/ml, n = 4) and this chemokine contributes to low level baseline transmigration (Weiss et al. 1998; Weiss et al. 1999) . After the addition of dopamine, CCL2 did not increase significantly above the levels produced under baseline conditions (23.89 ± 2.84 ng/ml, n = 4). A low level of CXCL12 (0.06 ± 0.01 ng/ml, n = 3) was detected in the media from untreated cocultures and did not increase with the addition of dopamine (0.84 ± 0.71 ng/ml, n = 3). Therefore, dopamine did not increase CCL2 or CXCL12 production from cocultured BMVEC or astrocytes, or from transmigrated mature monocytes within the 24 h time frame of our transmigration experiments. Future studies will determine whether dopamine induces or increases the production of other chemokines, and/or has effects on BBB cells that may contribute specifically to increased CD14 + CD16
+ monocyte transmigration across the BBB.
Dopamine Induces a Chemotactic Phenotype in Cultured CD14
+ CD16 + Monocytes, but Not in T Cells
We determined whether dopamine increased the chemotactic phenotype of CD14 + CD16 + monocytes or T cells. Monocyte movement necessary for transmigration across the BBB is associated with cytoskeletal rearrangements that result in actin and tubulin reorganization during the formation of membrane + CD16 + monocyte transmigration across the BBB in response to dopamine (DA) and/or CXCL12 was expressed as fold increase over baseline (media plus 0.1% BSA in PBS), which was set to one (dotted line) for each independent donor. Data are expressed as mean ± SEM. Significance was determined by two-tailed Wilcoxon signed-rank test comparing medians for each treatment group to a hypothetical value of one. ***p < 0.001 (DA 10 μM compared to baseline, n = 15; DA 20 μM compared to baseline, n = 13; CXCL12 25 ng/ml compared to baseline, n = 14). Transmigration in response to CXCL12 + DA was not significant compared to DA alone. b Transmigration experiments performed with PBMC from HIV seronegative leukopaks to quantify CD3 + T cell transmigration. Data are expressed as mean ± SEM. Significance was determined by twotailed Wilcoxon signed-rank test comparing medians for each treatment group to a hypothetical value of one. *p < 0.05 (CXCL12 25 and 50 ng/ ml compared to baseline); n = 6 each protrusions indicative of cellular motility (Mitchison and Cramer 1996) . Mature monocytes were treated with media plus dH 2 O (Untreated) or with 20 μM dopamine for 15 min and then stained for actin and tubulin. The stained cells were examined by confocal microscopy for cell membrane protrusions containing both actin and tubulin. In a microscopic field from a representative experiment using mature monocytes from one donor, untreated cells maintained a spherical morphology (Fig. 3a) . Dopamine treated cells exhibited altered actin and tubulin staining localized to membrane protrusions characteristic of a chemotactic phenotype as indicated by the arrows. In experiments with mature monocyte cultures from 6 independent donors, the percentage of cells with membrane protrusions in each treatment group was quantified. The data were then expressed as fold change compared to untreated cells, which was set to one (dotted line) for each independent donor (Fig. 3b) . Dopamine significantly increased the fold change in cells exhibiting membrane protrusions when compared to untreated cells (p < 0.05). These results demonstrate that dopamine increases the chemotactic phenotype of CD14 +
CD16
+ monocytes and this may contribute to the increased transmigration of these cells across the BBB.
In contrast to CD14 + CD16 + monocytes, the chemotactic phenotype of T cells did not increase in response to dopamine. T cells were treated with media plus 0.1% BSA (Untreated) or 20 μM dopamine for 15, 30 or 45 min and then stained for actin and tubulin. Untreated and dopamine treated T cells (15 min) in a microscopic field from one representative experiment exhibited a circular shape lacking prominent membrane protrusions (Fig. 4a) . Because dopamine did not increase membrane protrusions, T cells were treated with 50 ng/ml CXCL12 as a positive control to assure their ability to form membrane protrusions under these experimental conditions. After 15 min of treatment with CXCL12, the cells exhibited membrane protrusions with co-localized actin and tubulin as indicated by the arrows. The time point of maximal induction of membrane protrusion formation with CXCL12 treatment was variable with T cells from different donors. Therefore, we quantified protrusion formation at the time point that resulted in the maximal increase in each experiment and expressed the data as fold increase compared to untreated cells (Fig. 4b) . CXCL12 significantly increased T cell membrane protrusions (n = 6, p < 0.05) but dopamine treatment did not. Thus, the inability of dopamine to increase T cell transmigration across the BBB correlates with the lack of membrane protrusion formation in T cells exposed to dopamine.
Dopamine Increases Active ADAM17 in Cultured CD14
+ CD16 + Monocytes,
but Not in T Cells
Activation of the metalloproteinase ADAM17 in monocytes contributes to the transmigration of these cells across the vascular endothelium (Tsubota et al. 2013; Rzeniewicz et al. 2015) . As the lagging edge of monocytes binds to the apical surface of endothelial cells, monocytes elongate through interendothelial junctions (Hyun et al. 2012; Tsubota et al. 2013) . ADAM17-mediated shedding of L-selectin at the leading edge of transmigrating monocytes, localized specifically to monocyte pseudopods that have reached the basolateral side of the endothelium, regulates the polarity and directional movement of the cells as they transmigrate across endothelium (Rzeniewicz et al. 2015) . Detachment of the lagging edge of monocytes bound to the apical endothelial surface is facilitated by ADAM17-mediated cleavage of CD11b/CD18 (Mac-1) on monocytes bound to ICAM-1 on endothelial cells, which completes the diapedesis of monocytes through interendothelial junctions (Tsubota et al. 2013) . Dopamine increases general ADAM activity in neural precursor cells (Iwakura et al. 2011) . We therefore determined whether dopamine increased active ADAM17 in CD14 + CD16 + monocytes and not in T cells, indicating a potential mechanism for increased transmigration of CD14 + CD16
+ monocytes across the BBB in response to dopamine.
Mature monocytes and T cells were treated with media plus dH 2 O, dopamine, or PMA, a positive control for ADAM17 activation (Althoff et al. 2000) , for times ranging from 5 to 240 min, and cell lysates were analyzed by Western blot with an antibody to the active site of ADAM17. A representative Western blot of total cell lysates from mature monocytes and T cells from the same donor treated for 5 min with media plus dH 2 O (Un), 10 μM dopamine (DA), or 100 ng/ml PMA is shown in Fig. 5 . ADAM17 is glycosylated as the protein progresses from the endoplasmic reticulum to the plasma membrane (Schlondorff et al. 2000) . With Western blot analysis, the molecular size of the immature, prodomain form of ADAM17 is approximately 120 to 135 kD while the proteolytically cleaved, active form of ADAM17 is approximately 95 to 98 kD (Takamune et al. 2008; Adrain et al. 2012 ). In Fig. 5 , a broad diffuse protein band of approximately 95 kD represents active ADAM 17 in mature monocytes. Dopamine treatment for 5 min increases active ADAM 17 1.4 fold when compared to untreated cells as determined by densitometric analysis of active ADAM 17 normalized to β-actin. PMA did not increase active ADAM 17 in mature monocytes at this time point. In contrast, dopamine does not increase active ADAM 17 in T cells but a 1.4 fold increase is induced by PMA treatment for 5 min. The protein bands greater than 135 kD may represent active ADAM17 dimers (Xu et al. 2012) . Increased active ADAM17 was also detected when mature monocytes from this donor were treated with dopamine or PMA for time periods ranging from 10 to 240 min, while dopamine did not increase active ADAM17 in T cells from the same donor at any time point (data not shown). Similar results were obtained with mature monocytes and T cells obtained from two additional donors (data not shown), indicating that active ADAM17 is increased in CD14 + CD16 + monocytes after exposure to dopamine for time points ranging from a few minutes to a few hours. These data suggest that during baseline transmigration, the leading edge of elongated CD14 + CD16
+ monocytes in interendothelial junctions is exposed to dopamine on the CNS side of the BBB, resulting in the activation of ADAM17 within 5 min, which contributes to the accelerated completion of diapedesis. Thus, this may be one mechanism by which the transmigration of CD14 + CD16 + monocytes across the BBB in response to low level constitutive chemokine expression is increased by dopamine. + monocyte transmigration. Thus, we examined dopamine receptor surface expression on mature monocytes and T cells. Dopamine receptors are members of the family of seven transmembrane domain G-protein coupled receptors. There are two groups of dopamine receptors, the D1-like dopamine receptors, comprised of D1R and D5R, and the D2-like dopamine receptors, comprised of D2R, D3R and D4R (Beaulieu and Gainetdinov 2011) . Mature monocytes and T cells were incubated with dopamine receptor antibodies followed by PE-labeled secondary antibodies. Dopamine receptor staining that was greater than staining with the appropriate negative control antibody or serum was quantified.
We were able to detect D1R, D5R and D4R surface expression on mature monocytes and T cells by flow cytometry. D1R monocytes. a Cells from a mature monocyte culture were treated with media plus dH 2 O (Untreated) or 20 μM dopamine (DA) for 15 min and stained for actin (Texas Red®-X phalloidin) (red staining), tubulin (FITC) (green staining) and nuclei (DAPI) (blue staining). Cell membrane protrusions with colocalized actin and tubulin staining, indicative of a chemotactic phenotype and indicated by the arrows, were identified by confocal microscopy. b The percentage of mature monocytes with membrane protrusions in untreated and dopamine (DA) treated cultures was quantified. The data were expressed as fold change compared to untreated cells, which was set to one for each independent donor as indicated by the dotted line. Data are expressed as mean ± SD. Significance was determined by two-tailed Wilcoxon signed-rank test comparing medians for each treatment group to a hypothetical value of one. *p < 0.05 (DA 20 μM compared to untreated); n = 6 was absent on T cells (n = 10) and was expressed on mature monocytes (n = 19) as indicated by the mean fluorescence intensity (MFI) (p < 0.001) (Fig. 6) . D5R was not expressed by T cells from most donors (n = 6) while T cells from other donors expressed low levels of this receptor (n = 3). In contrast, mature monocytes (n = 17) expressed significantly higher levels of D5R (p < 0.01). D4R was highly expressed by T cells (n = 9) while mature monocytes (n = 18) expressed significantly lower levels of this receptor (p < 0.001). Thus, mature monocytes expressed significantly higher levels of D1R and D5R, and less D4R, when compared to T cells. Since CD14 + CD16
+ monocytes, but not T cells, transmigrate across the BBB in response to dopamine, the D1-like dopamine receptors, D1R and/or D5R, on CD14 +
CD16
+ monocytes may be involved, at least in part, in the dopaminemediated increase in transmigration of this mature monocyte subpopulation. Very few antibodies target extracellular epitopes of dopamine receptors and with several of those specific for D2R and D3R, we detected no signal for surface was quantified at the time point of optimal membrane protrusion formation with CXCL12 in each experiment. The data were then expressed as fold change compared to untreated cells, which was set to one for each independent donor as indicated by the dotted line. Data are expressed as mean ± SD. Significance was determined by two-tailed Wilcoxon signed-rank test comparing medians for each treatment group to a hypothetical value of one. *p < 0.05 (CXCL12 50 ng/ml compared to untreated); n = 6 + monocyte transmigration significantly increased with 1, 10 and 50 μM SKF38393 (Fig. 7) (n = 6 each, p < 0.05 for SKF38393 1 μM and 50 μM; n = 8, p < 0.01 for SKF38393 10 μM). CD14 + CD16
+ monocyte transmigration was also significantly increased with the same concentrations of dopamine (n = 11, p < 0.05 for DA 1 μM; n = 10, p < 0.01 for DA 10 μM; n = 8, p < 0.01 for DA 50 μM). These data suggest that dopamine induced transmigration of CD14 + CD16
+ monocytes across the BBB involves the activation of D1-like dopamine receptors on CD14 + CD16 + monocytes. BMVEC and astrocytes also express D1-like dopamine receptors (Hansson and Ronnback 1988; Bacic et al. 1991) . The possible contribution of activation of D1-like dopamine receptors on the cells of the BBB in dopamine induced CD14 + CD16
+ monocyte transmigration will be examined in future studies.
Discussion
Substance abuse is prevalent in the HIV-infected population (Bing et al. 2001; Mathers et al. 2008) . In New York City, for example, injection drug use is a risk factor for infection in 6.5% of new HIV cases, with rates increasing up to 16.8% in specific areas of the city (Amesty et al. 2011) , and in a study of non-injection illicit drug users, 16% were positive for HIV infection (Des Jarlais et al. 2014) . In a study of injection and non-injection drug users in Spain, the percentage of HIV infected individuals was 15% (Reyes-Uruena et al. 2015) . Thus, there is a significant association between substance abuse and HIV, and the mechanisms by which HIV associated neurocognitive impairments may be exacerbated by drug use are not completely understood. In this study, we examined peripheral blood CD16 + monocytes in HIV infected substance abusers from the MHBB cohort to determine whether the frequency of this mature monocyte subpopulation is increased + monocytes express greater surface D1R and D5R, and less D4R, than T cells. Mature monocytes and T cells from independent donors were incubated with antibodies to D1R, D5R, D4R or negative control rabbit serum or goat IgG. After incubation in primary antibody, cells were incubated with PE-labeled anti-rabbit or anti-goat IgG secondary antibody. Stained cells were analyzed by flow cytometry and the MFI was calculated by subtracting the appropriate negative control antibody or serum staining from the staining obtained with each dopamine receptor antibody. Significance was determined by two-tailed unpaired Mann-Whitney test. **p < 0.01 (D5R on mature monocytes, n = 17, compared to T cells, n = 9); ***p < 0.001 (D1R on mature monocytes, n = 19, compared to T cells, n = 10) (D4R on mature monocytes, n = 18, compared to T cells, n = 9) with active substance use. In a large number of individuals from this cohort, poly drug use was detected. Therefore, this study does not correlate the frequency of peripheral blood CD16
+ monocytes with the active use of a specific drug, including those not assayed for by urine toxicology. Within the parameters of this study, we found that peripheral CD14 + CD16 + and CD14 low CD16 + monocytes were increased significantly in frequency in HIV infected substance abusers as compared to those without active substance use. However, we do not yet know whether this increase is a direct result of active substance use, as the individuals in this study have several other comorbidities or unknown factors that may contribute to an increase in peripheral CD16 + monocytes. Future studies will address this question.
In the general population of HIV infected substance abusers, a significant number of HIV positive CD14 + CD16 + monocytes will be present in the peripheral circulation of individuals when they first become infected and have not yet been diagnosed and prescribed cART. In addition, during later stages of infection, a lack of strict adherence to cART (Arnsten et al. 2002; Hinkin et al. 2007 ) may result in an increase in the number of peripheral HIV positive CD14 + CD16 + monocytes. Thus, an increase in the frequency of this mature monocyte subpopulation in HIV infected substance abusers establishes a larger pool of uninfected, and likely HIV positive, CD14 + CD16
+ monocytes in the peripheral circulation capable of transmigrating across the BBB into the CNS.
In SIV infected monkeys, administration of methamphetamine increased CD14 + CD16 + macrophages in the brain (Marcondes et al. 2010) (Buckner et al. 2011; Williams et al. 2013; Williams et al. 2015) , a chemokine elevated in the CNS in response to HIV infection (Cinque et al. 1998) . We now report that dopamine increases the transmigration of CD14 + CD16
+ monocytes across the BBB mediated by low level constitutive chemokine expression. Thus, in conjunction with the observed increase in the frequency of peripheral CD14 + CD16
+ monocytes in HIV infected active substance users, the entry of these cells into the CNS may be enhanced after drug use by a common mechanism involving increased extracellular dopamine in areas of the brain adjacent to microvessels.
Using in vivo microdialysis in rats and rhesus macaques, basal extracellular levels of dopamine in different areas of the brain are reported to range from 0.31 to 12.9 nM (Calipari et al. 2014; Jedema et al. 2014; Matsumoto et al. 2014) . In a study using in vivo low-flow push-pull perfusion sampling in rats, basal extracellular levels of dopamine range from 0.4 nM to 11 nM in different regions of the brain (Slaney et al. 2013 ). In animal model studies, extracellular dopamine in the brain was shown to be increased 1460% by methamphetamine (Matsumoto et al. 2014) , 5807% by amphetamine (Jedema et al. 2014) , and 700% by cocaine (Calipari et al. 2014 ). In our study, dopamine at 1 μM significantly increased CD14 + CD16
+ monocyte transmigration, with a trend toward increased transmigration with 100 nM dopamine. Thus, efflux of dopamine from synaptic spaces after the use of different types of drugs, particularly those that increase extracellular dopamine the most, may result in levels of this neurotransmitter in areas in close proximity to the brain microvasculature that are sufficient to increase CD14 + CD16
In chronic substance abusers, lower levels of dopamine in the CNS are produced after drug use when compared to individuals who are new or intermittent drug users (Espana and Jones 2013; Willuhn et al. 2014 ). In addition, HIV infection of the CNS for extended periods of time can result in significant damage to dopaminergic neurons, resulting in decreased overall levels of dopamine in the brain (Sardar et al. 1996; Kumar et al. 2009 ). This suggests that the levels of extracellular dopamine in the CNS that are sufficient to increase CD14 + CD16
+ monocyte transmigration are more likely to occur in new or intermittent substance abusers during the acute and early stages of chronic HIV infection. The fact that drug use in some individuals will not produce a high enough concentration of extracellular dopamine in the CNS to increase the transmigration of CD14 + CD16
+ monocytes across + CD16 + monocyte transmigration across the BBB in response to different concentrations of SKF38393 or dopamine (DA) expressed as fold increase over baseline (media plus dH 2 O), which was set to one as indicated by the dotted line. Data are expressed as mean ± SEM. Significance was determined by two-tailed Wilcoxon signed-rank test comparing medians for each treatment group to a hypothetical value of one. *p < 0.05 (SKF38393 1 μM and 50 μM compared to baseline, n = 6 each) (DA 1 μM compared to baseline, n = 11); **p < 0.01 (SKF38393 10 μM and DA 50 μM compared to baseline, n = 8 each) (DA 10 μM compared to baseline, n = 10) the BBB may be one reason why some studies report that substance abuse does not have a significant effect on the severity of cognitive deficits in HIV infected individuals (Byrd et al. 2011; Levine et al. 2014) . In individuals in whom druginduced extracellular dopamine levels are sufficient to increase the entry of CD14 + CD16
+ monocytes into the CNS, initial viral seeding of the brain right after infection and subsequent replenishment of HIV reservoirs during the early stages of infection may be increased in response to repeated drug use. In addition, CNS accumulation of both infected and uninfected CD14 + CD16 + monocytes may contribute to chronic neuroinflammation. As a result, HIV associated cognitive impairments may develop earlier after initial infection, with increases in the magnitude of these impairments throughout the course of infection in some HIV infected substance abusers.
We report that activation of D1-like dopamine receptors is involved in increased CD14 + CD16 + monocyte transmigration across the BBB. Previous studies have examined the role of dopamine receptor activation in the migration of other cell types. A D1-like dopamine receptor agonist induces cytoskeletal rearrangements in a human hematopoietic progenitor cell, resulting in a highly polarized phenotype indicative of cell motility (Spiegel et al. 2007 ). D1R activation also induces rat astrocyte and mouse neuron and neural progenitor cell migration (Crandall et al. 2007; Hiramoto et al. 2008; Huang et al. 2012) . These studies support our findings that activation of D1-like dopamine receptors contributes to the specificity of dopamine in increasing the transmigration of CD14 + CD16 + monocytes across the BBB. Although we were not able to demonstrate D2R and D3R on mature monocytes or T cells by flow cytometry, there may still be low level expression of these receptors that is below the limits of detection of our assay. In previous studies in our laboratory, we detected mRNA for all five dopamine receptors in mature monocyte cultures (Coley et al. 2015) . The role of D2R and D3R in dopamine induced CD14 + CD16 + monocyte transmigration across the BBB will be the focus of future studies.
This study identifies potential mechanisms by which active substance use contributes to the development of HIV associated cognitive impairments. The frequency of CD14 + CD16 + monocytes is increased significantly in the periphery of HIV infected substance abusers as compared to infected individuals without active drug use. Drug-induced elevations of extracellular dopamine in areas of the CNS with dopaminergic neurons in close proximity to the brain microvasculature may increase the transmigration of peripheral CD14 + CD16
+ monocytes across the BBB. We propose that increased Fig. 8 Schematic representation of the proposed mechanism by which dopamine increases chemokine induced CD14 + CD16 + monocyte transmigration across the BBB in HIV infected substance abusers. In areas of the CNS with dopaminergic neuronal synapses in close proximity to BBB microvasculature, active substance use will increase the concentration of dopamine, resulting in the activation D1R/D5R receptors on the leading edge of CD14 + CD16 + monocytes transmigrating across the BBB in response to chemokines, including CCL2. Upon dopamine receptor activation, ADAM 17 on the cell surface of the lagging edge of the monocyte is activated, resulting in cleavage of monocyte Mac-1 bound to endothelial ICAM-1 and the accelerated completion of transmigration transmigration is mediated by dopamine activation of D1R/ D5R receptors on the leading edge of CD14 + CD16
+ monocytes traversing the BBB in response to basal levels of chemokines, including CCL2. D1R/D5R activation increases active ADAM 17 on the monocyte surface, resulting in the cleavage of monocyte MAC-1 bound to endothelial ICAM-1 and the accelerated completion of monocyte diapedesis through BBB interendothelial junctions, as illustrated in the schematic shown in Fig. 8 . These events will most likely occur repeatedly over time with each episode of drug use, resulting in the accumulation of uninfected and infected CD14 + CD16 + monocytes in dopaminergic regions of the CNS. Once within the CNS parenchyma, these monocytes will mature into macrophages, with subsequent infection of additional CNS cells resulting from HIV infected macrophage accumulation within the brain. This will contribute to the establishment and maintenance of viral reservoirs within the CNS. We previously reported that dopamine increases HIV entry and replication in human macrophages, a mechanism by which substance abuse may increase macrophage specific viral replication in the HIV infected CNS (Gaskill et al. 2009; Gaskill et al. 2014) . Thus, the accumulation of infected newly matured macrophages within dopaminergic regions of the CNS may result in increased viral replication and protein production after drug-induced increases in extracellular dopamine. As a consequence, nearby uninfected macrophages and other CNS cells may be infected and/or activated, and chronic viral protein production and neuroinflammation may increase, contributing to increased cognitive impairments. Therefore, inhibiting the dopamine mediated influx of CD14 + CD16 + monocytes into the CNS by antagonizing D1-like dopamine receptors may be a therapeutic strategy to decrease ongoing viral seeding of the CNS, chronic neuroinflammation, and cognitive impairments in HIV infected substance abusers.
